Alternative splicing (AS) is a key regulatory mechanism associated with proteome and transcriptome diversity. However, the prevalence of AS in the moso bamboo genome is still unclear. Transcriptome sequencing of four different tissues indicated that 36.17% of the genes in the moso bamboo genome undergo AS. The predominant type of AS found in moso bamboo was intron retention (38.70%), followed by alternative 5′ (31.86%) and 3′ (16.68%) splice sites and exon skipping (11.46%). The number of AS events in every gene was relevant to gene characteristics and gene expression. We also observed that the alternative 5′ and 3′ splice sites were significantly enriched in the fourth nucleotide downstream or upstream of the dominant splice sites. Furthermore, the frequency of AS types as well as the quantity of AS events significantly varied among different tissues. The findings of the present study provide a comprehensive view of AS events in moso bamboo.
Introduction
Alternative splicing (AS) of pre-mRNA is a common, crucial regulatory process in eukaryotes, generating various transcripts from a single gene locus (Emilio et al. 2015) . Gilbert (1978) was the first to suggest that a template can generate different isoforms via AS. The previous studies have indicated that almost all human genes undergo AS (Wang et al. 2008) . Recently, it has been revealed that AS occurs in 60% of intron-containing genes in Arabidopsis thaliana (Filichkin et al. 2010; Marquez et al. 2012) , 52% of these genes in Glycine max (Shen et al. 2014) , 40% in Zea mays (Thatcher et al. 2014) , and 33% in Oryza sativa (Zhang 2010) . The real percentages might even be higher than reported, as increasing numbers of low-abundance splicing variants are being revealed with the development of sequencing technology. For Arabidopsis, the reported percentage of AS genes increased dramatically within a decade, from 1.2% in 2003 (Zhu et al. 2003 ) to 11.6% in 2004 (Iida et al. 2004 ), more than 30% in 2006 (Campbell et al. 2006) , 42% in 2010 (Filichkin et al. 2010) , and 61% in 2012 (Marquez et al. 2012) . It has been reported that several AS events are conserved among various species (Birzele et al., 2008) . For example, compared with those observed for a distant SCL33 orthologue from Arabidopsis, the AS events observed for Brachypodium distachyon SCL33 are strikingly conserved (Kranthi and Karen-Beth 2015) . However, a large number of AS events are specific to individual species.
In general, AS events can occur via four major mechanisms: alternative 5′ splice sites (5′ SSs), exon skipping, intron retention, and alternative 3′ splice sites (3′ SSs) (Huang et al. 2015) . In animals, exon skipping is the dominant AS event, while the frequency of intron retention is low; for instance, one-third of all AS events in humans are a result of exon skipping, whereas only 0.01% is due to intron retention (Wang et al. 2008) . By contrast, intron retention is the main AS event, whereas exon skipping occurs with very low frequency in plants, such as in Arabidopsis (Filichkin and Mockler 2012) , Brachypodium (Kranthi and KarenBeth 2015) , and G. max (Shen et al. 2014) . AS events are involved in a wide array of biological functions, including plant development, biological rhythms, biotic and abiotic stress responses, and flowering in particular (Howard et al. 2013; Reddy et al. 2013; Staiger and Brown 2013) . In plants, a number of AS events show tissue specificity (Yoshimura et al. 2002) . Within a given tissue of soybean, the number of AS events is higher at younger developmental stages than that at older developmental stages (Shen et al. 2014 ). In addition, abiotic stress can have an impact on the AS of pre-mRNAs (Ali et al. 2001; Palusa et al. 2007 ) and cause alternatively spliced genes to be over-expressed (Filichkin et al. 2010) . The serine/arginine-rich (SR) family plays crucial roles in the pre-mRNA splicing regulation and is dramatically altered under various abiotic stresses (Palusa et al. 2007; Rauch et al. 2014 ). In addition, environmental signals control the expression levels, AS patterns, phosphorylation status, and subcellular distribution of SR proteins (Kalyna and Barta 2004; Reddy et al. 2013) , indicating that altered expression levels of splice variants in response to various abiotic or biotic stresses may play a role in the improvement of plant stress resistance. In addition, AS affects the activity, localization, stability, and interaction capacity of transcripts (Graveley 2009 ). However, the AS characteristics and AS ratios in different moso bamboo tissues have not been explored thus far.
Moso bamboo is a large family of woody bamboos with the highest economic and ecological value in China (Gao et al. 2014) . Its bamboo shoots grow as high as 1 m within 1 day and grow to a final height of 5-20 m at 1.5-2 months (Peng et al. 2010) . Due to the striking growth rate, it is the foremost non-timber forestry resource in southeast China. Interestingly, moso bamboo often simultaneously flowers and dies after flowering (Peng et al. 2013a, b) . However, moso bamboo rarely flowers in natural settings. Transcriptomic studies in moso bamboo shoots (Peng et al. 2013a) have revealed that hormone signalling-associated genes play a vital role in the fast-growing shoots. RNA sequencing suggested that the flowering of bamboo may be influenced by drought stress (Gao et al. 2014) . Although bioinformatics analyses have been carried out in moso bamboo, the genome-wide study of the dynamic variation of AS in different tissues and different developmental stages is still relatively scarce. Here, we performed transcriptome analyses of different tissues in moso bamboo based on the Illumina HiSeq™ 2000 platform and described the features of AS in different tissues. We believe that our work will provide useful resources for future genomic research on moso bamboo.
Materials and methods

Plant materials
Samples of moso bamboo shoots (mixed by different growth stages) and mature culms were collected in Huoshan County (E115u529-116u329; N31u039-31u339), Anhui Province, China, from spring to autumn 2014. Mixed flowering samples from different floral stages and leaf samples were harvested in Guilin City (E110u179-110u479; N25u049-25u489), Guangxi Zhuang Autonomous Region, China, from April to August, 2014. All samples were harvested from sites suitable for moso bamboo without human intervention or insect pests (Gao et al. 2014; Peng et al. 2013a ).
cDNA libraries construction and transcriptome sequencing
The TRIzol reagent was used to isolate total RNA from each sample (Invitrogen, California, USA). After examining the purity and integrity of all RNAs, strand-specific transcriptome sequencing libraries of four different samples were constructed using an Illumina kit (Illumina, San Diego, CA, USA). Thereafter, these four cDNA libraries were sequenced on the HiSeq™ 2500 platform from Illumina and generated 101-nt paired-end reads at the Beijing Genomics Institute (Shenzhen, China). The detailed methods were described in the previous studies (Gao et al. 2014; Peng et al. 2013a ).
Read alignment and gene expression analysis
After removing adapter sequences and low-quality reads, the remaining clean reads were assembled according to moso bamboo genome database (http://www.bambo ogdb.org/) (Peng et al. 2013b ) using SOAP aligner/SOAP2 (Li et al. 2008) , allowing up to five mismatches. The expression levels of genes and isoforms were calculated using Cufflinks software and were then normalized to transcripts per million (reads per kilobases per million reads, RPKM) values (Trapnell et al. 2010) .
AS event identification, statistical analysis, and gene ontology (GO) annotation
The repertoire of AS events was established using ASTA-LAVISTA. Four main types of AS events, including intron retention, exon skipping, 3′ SSs, and 5′ SSs, were analysed with the methods described by Sammeth et al. (2008) . Exon lengths and exon numbers were calculated based on the gtf files obtained from the moso Bamboo Genome Database as follows: mRNA length = exon 1 length + exon 2 length + ··· + exon n length, assuming that one mRNA was formed by n exons. Weblogo was used to visualize the nucleic acid sequences from the 5′ SSs and 3′ SSs. In addition, genes with AS events were automatically annotated and categorized using the blast2go program (Conesa et al. 2005) . AS events were classified into three categories based on their positions at different mRNA features, including 5′ untranslated regions (UTRs), open reading frames (ORFs), and 3′ UTRs. The ORFs within AS events could cause frame shifts if the altered fragments are not filtered in multiples of three nucleotides. mRNA sequences were assembled according to moso bamboo genome database and gtf files using Perl code, which was provided by the Biomarker company (Biomarker, Beijing, China), and then were used to compute GC content. After the isoforms being translated into amino acids according to the longest ORF using Getorf software, the conserved domains of transcript isoforms were identified by an online conserved domain program service of the National Center for Biotechnology Information (NCBI). The expression levels of the isoforms in different tissues were hierarchically clustered using Cluster 3.0 software based on Euclidean distance with complete linkage.
Reverse transcription PCR (RT-PCR) validation
Eight genes exhibiting 11 AS events were randomly selected and used for further experimental verification. Semi-quantitative RT-PCR was performed with specific primers that were designed using Oligo 7 software (Supplementary material: Table S1 ). Total RNA from four different tissues was extracted according to the method described above using TRIzol and was treated with DNAase I. cDNA was synthesized with random primers using an M-MLVRT kit (Promega, Madison, WI, USA). The thermal conditions for the PCR procedures were set as follows: 94 °C, 5 min; 32 cycles: 94 °C for 30 s, 60 °C for 50 s, and 72 °C for 60 s; and then 72 °C, 10 min. The purified PCR products were transformed into pMD18-T vector (Takara, Dalian, China), which was then transferred into the Escherichia coli DH5α bacterial strain (Takara, Dalian, China). After blue-white selection, the positive clones were further sequenced using ABI 3100 DNA sequencer (Applied Biosystems, Foster, CA, USA).
Results
Quality analyses of transcriptome sequencing data
To identify AS events at the whole-genome-wide level and evaluate potential factors influencing AS in moso bamboo, transcriptomic analyses of culms, flowers, leaves, and shoots was performed using Illumina HiSeq 2500 sequencing technology. We obtained a total of 269.32 million reads, among which 52,805,612 (81.18%), 53,035,796 (78.43%), 52,489,437 (76.85%), and 55,520,086 (81.13%) clean reads from the culm, flower, leaf, and shoot libraries, respectively, were matched to the referenced moso bamboo genome (Table 1) .
Characteristics of different AS types
In total, 29,731 AS events were identified. In moso bamboo genome, approximately 36.17% (11,344 genes) of all annotated genes were predicted to undergo AS events (Fig. 1a) . Among the 11,344 AS genes, 5389 genes exhibited only one AS event. In contrast, only 117 genes exhibited more than 11 AS events. In general, the number of genes displaying fewer AS events was much higher than the number displaying more AS events (Fig. 1b) . Furthermore, we calculated the AS distribution in each moso bamboo tissue and observed no significant differences among different tissues (Supplementary material: Figure S1 ).
The AS events could be classified into four main categories: intron retention, skipped exons, 5′ SSs, and 3′ SSs. We found that the most common event among the four tissues was intron retention, accounting for 38.70% of the AS events, followed by 3′ SSs (31.86%), 5′ SSs (16.68%), and skipped exons (11.46%). Nearly 64.7% of the AS events in moso bamboo affected coding regions. Another 35% occurred within non-coding regions (19% in 5′ UTRs and 16% in 3′ UTRs) (Fig. 1c) . In addition, we found that up to 64.7% of AS events were located in ORFs (42.1% of the total AS events). Furthermore, approximately 35.3% (28.2% of total AS events) of the AS locating in ORFs maintained the original reading frame, because the change in length was a multiple of three nucleotides (Fig. 1d) .
The size distribution of retained introns was considerably smaller than the size of all introns (average sizes of 231.01 and 480.93 bp, respectively). Similarly, the size distribution of skipped exons was considerably smaller than that of all exons (average sizes of 123.97 and 269.86 bp, respectively) (Fig. 1d) . The positions of splice sites are another major characteristic of an AS event. In this study, AS site selection (alternative 5′ SS and 3′ SS) was found to be significantly enriched four nucleotide downstream or upstream of the dominant splice sites (Fig. 2a, b) . Sequence analysis of 5′ SSs and 3′ SSs indicated that activated splice sites also involved AG and GU dinucleotides (Fig. 2c, d) .
Analysis of the relationship between gene characteristics and AS frequency
To determine putative factors influencing AS, we analysed the relationship between the AS number and gene characteristics such as GC content, intron length, exon length, exon number, and mRNA length (Fig. 3a, b) . Genes that presented equal to or greater than 11 AS events exhibited the longest mRNA lengths (median length: 3650 bp) and greatest exon numbers (median exon number: 12). In terms of exon length and GC content, genes that could generate more isoforms presented lower GC contents and shorter exon lengths (Fig. 3c, d ). Non-AS genes display much greater GC contents (median content: 60%) and exon lengths (median length: 146 bp) than AS genes. Among all four tissues, AS genes showed higher expression levels than non-AS genes (Fig. 4) .
Comparison of AS events in different tissues
We next compared the differences in AS between different tissues. AS events occurred more frequently in leaves than in flowers, shoots, and culms (Fig. 4) . In leaves, we identified a total of 15,575 AS events, including 2319 5′ SSs, 4412 3′ SSs, 6570 intron retention, and 2113 exon skipping events. In contrast, only 11,117 AS events, including 1348 5′ SSs, 2860 3′ SSs, 1953 skipped exons, and 4831 intron retention events, were identified in culms (Fig. 5) .
The analysis of AS events shared among different tissues indicated that most AS events did not occur in all samples. Among the four tissues, leaves presented the most specific AS events, including 272 skipped exons, 1300 5′ SSs, 1702 3′ SSs, and 2536 intron retention events, while 750 skipped exons, 230 5′ SSs, 537 3′ SSs, and 1488 intron retention events could be detected in all samples in this study (Fig. 6 ).
Functional analysis of alternatively spliced genes
To analyse the functions of alternatively spliced genes, GO term enrichment was investigated using blast2go. A total of 11,344 AS occurrence-related genes were categorized into the three primary GO categories of cellular components, molecular functions, and biological processes (Table S1) . Among cellular components, "chloroplast", "cytosol", and "organelle part" were highly represented. Among molecular functions, "catalytic activity" was the dominant GO term, followed by "binding" and "ion binding" (Table S1 ). Within the biological category, the groups with the most significant enriched AS genes were associated with "single-organism cellular process", "Single-organism metabolic process", and "metabolic process" categories (Supplementary material: Table S2 ).
Expression and conserved domain analysis of the MADS and E2F gene families in different tissues
MADS and E2F gene families play vital roles in shoot elongation and flower development (Li et al. 2018; Cheng et al. 2017) . To evaluate the effects of AS events on the MADS and E2F gene families, domain modification and loss of these two important families were analysed. In total, 35 MADS-box genes were identified from moso bamboo. Conserved domain analysis indicated that five truncated MADS isoforms lost all functional domains, and 48 isoforms contained the integrated MADS-box domain (Fig. 7a) . The expression profiles of MADS isoforms were clustered into five clusters, among which cluster 3 accounted for the largest proportion of isoforms and showed high abundance in flowers. Expression analysis indicated that the many of the different isoforms generated from a single gene exhibited distinct expression trends. For example, PH01000606G0250, TCONS_00042325, with integrated MADS-box and k-box domains, showed high abundance in flowers, while TCONS_00042327, whose k-box domain was incomplete, showed high abundance in leaves. However, some splicing variants showed similar expression patterns to the predominant variant. For example, TCONS_00059898 lost all functional domains and showed a similar change in expression to the predominant variant, TCONS_00059897, which contained the integrated MADS-box domain (Fig. 7a) .
In the E2F family, with the exception of one isoform (TCONS_0012712), all other isoforms contained the integrated E2F/DP family winged-helix DNA-binding domain (Fig. 7b) . Similar to the phenomenon observed in the MADS gene family, the different isoforms generated from a single gene could exhibit similar expression patterns or distinctly different expression patterns.
Experimental verification
To validate the identified AS events, semi-quantitative RT-PCR was conducted for the eight genes that exhibited 11 AS events. Nearly four-fifths of the AS events were detected through RT-PCR verification (Fig. 8) . Some electrophoretic bands generated from 5′ SS, 3′ SS, intron retention, or exon skipping events could not be separated via agarose gel electrophoresis, because their AS sites were proximal to the dominant site. However, after gel purification, vector construction, and blue-white selection experiments, several of these AS sites could be confirmed via sequencing validation using an ABI 3100 DNA sequencer. For example, PH01000604G0860 generated two splicing variants (designated a and b), due to 5′ SS and intron retention. After agarose gel electrophoresis, spicing variant b could be separated from PH01000604G0860 (Fig. 8c) . In contrast, splicing variant a could not be separated from PH01000604G0860, because splicing variant a was only 12 bp longer than PH01000604G0860. Using the ABI 3100 automated sequencer, both splicing variant a and PH01000604G0860 were confirmed through sequencing validation. In addition, some weakly detected AS events generated from lowabundance genes, such as PH01000346G0780, could not be detected via PCR verification (Fig. 8e) .
Discussion
Since the first report on AS by Gilbert (1978) , increasing amounts of evidence have indicated that AS exists not only in animals but also in plants. Among the intron-containing genes of plants, nearly 60% undergo AS (Reddy et al. 2013) ; for example, 35-60% of genes and 33% of genes undergo AS events in Arabidopsis and rice, respectively (Marquez et al. 2012; Filichkin et al. 2010) . Here, 36.17% of moso bamboo genes were found to be alternatively spliced, with each AS gene undergoing 2.6 AS events on average.
Nearly 35% of the AS events observed in moso bamboo occurred in the 5′ and 3′ UTRs. This percentage is much higher than that reported in Arabidopsis (28.5%) (Reddy 2007) but very similar to that in rice (34%) (Matthew et al. 2006) and Volvox carteri (33%) (Arash et al. 2014) . AS of UTRs probably plays a vital role in regulating and producing of mRNA diversity. AS of UTRs changes the mRNA secondary structure and in turn affects RNA processing, mRNA stability, and translation of the mRNA (Kudla et al. 2009 ). Different splice site selection may lead to differences in a series of nucleotides among different isoforms. However, the original ORF could be maintained when Fig. 7 Expression levels and conserved domain of isoforms of MADS (a) and E2F (b) families. Fold difference was designated the log2-transformed reads per kilobase per million reads (RPKM) value. Green rectangles, black rectangles, and red rectangles represent low, intermediate, and high expression levels, respectively. The schematic diagrams of all conserved domains are shown under the corresponding heatmap ◂ the change in length caused by the selection of different splice sites is a multiple of three nucleotides (Xu et al. 2014) . In this work, approximately 35.3% (28.2% of the total AS events) of the changes in length were multiples of 3 nucleotides, which could maintain the original reading frame. The other 64.7% of changes in ORF length due to AS events could cause frame shifts.
Some studies have suggested that several AS events are organ-specific (Yoshimura et al. 2002) . Our analysis of AS events shared among different tissues demonstrated that only a small number of genes underwent AS events in all four examined tissues. The number of AS events in leaves was highest, followed by those in the shoots, flowers, and mature culms. AS events were infrequent at older growth stages compared with younger developmental stages (Shen et al. 2014; Shawn et al. 2014) . A similar observation revealed that the frequency of AS in vigorously growing shoots was much higher than in mature culms. These tissue-specific AS events may act on the specific pathways or networks in concert when genes are co-regulated (Blencowe 2006) .
The average intron length of animals is significantly greater than that of plants. It has been reported that the average length of introns in the human genome is 5 kb (Iwata and Gotoh 2011) . By comparison, the average intron lengths in moso bamboo and rice are only 481 and 470 bp, respectively. However, it should be noted that outliers with large introns have been found in some plants in the recent years. For example, in Picea abies and Picea glauca, the lengths of some introns may reach 10 kb (Nystedt et al. 2013; Birol et al. 2013 ). Thus, we conclude that plant intron lengths may currently be underestimated. Due to the different roles of intron processing (Hartmuth and Barta 1986) , intron sizes are quite different in plants and animals, leading that AS types are different in plants and animals. Unlike animals, in which exon skipping accounts for the largest proportion of AS events (Modrek and Lee 2002; Sultan et al. 2008) , intron retention is the most common AS type in plants (Filichkin et al. 2010; Marquez et al. 2012) . Our statistical results were relatively similar to these findings. In moso bamboo, intron retention was found to be the predominant AS type (38.70%), whereas the percentage of exon skipping among all events was only 8% and alternative 3′ and 5′ SSs were observed at intermediate frequencies.
AS affects protein functions through changing conserved domain modification and binding properties, amino acid sequences and composition, and the stability of secondary structures (Stamm et al. 2005) . Protein domains are considered to represent distinct functional units, and domain loss is, therefore, also involved in afunction of proteins (Marchler-Bauer 2015) . Statistical analysis indicated that 20 isoforms of the MADS gene family lost their MADS domain, which influenced their DNA-binding ability, thus affecting their function in floral formation and transition. In addition, we found that, in both the MADS and E2F families, isoforms generated from a single gene might exhibit distinct expression patterns. The results illustrated that gene activation and AS were independently regulated.
Statistical analysis of the gene structures of AS genes and non-AS genes indicated that gene structure (e.g., exon numbers, exon length, and mRNA length) could also affect the frequency of AS. More AS events were found to occur in shorter exons, which agreed with the previous reports (Tomasz and Konstantin 2011; Panahi et al. 2015) . The possible reason for this pattern might be that exon shuffling events and duplications of exons could greatly enhance the complexity of the transcriptome and genome.
Moreover, 5′ SSs and 3′ SSs mainly occurred at the fourth nucleotides downstream and upstream of the predominant splice sites (Fig. 2d) , respectively. These characteristics of 5′ SSs and 3′ SSs were similar with those of Arabidopsis genome (Ding et al. 2014) . These activated SSs were related with GU and AG dinucleotides, suggesting that this AS pattern is conserved in eukaryotes. Thus, the variation of gene structure, particularly in terms of exon length, exon numbers, GC contents, and the motifs of splicing sites, was found to have a great impact on the frequency of AS in moso bamboo.
Expression analysis of AS genes and non-AS genes in four different tissues indicated that the transcription levels of genes also affected the frequency of AS events. The AS genes exhibited much abundant expression profiles than non-AS genes. However, it should be considered that the status of a transcript regarding whether it is turned on or off depends on its detectability, which in turn depends on the coverage (Nicola et al. 2014) . Hence, we believe that some low-abundance genes produced only as small number of isoforms, which were undetectable. These isoforms could be detectable with the development of sequencing technology in the future.
In the present study, 36.17% of moso bamboo genes were subjected to AS. Our comprehensive investigation elucidated the influences of varied gene structures and gene expression levels on AS event, of and provided insights for future functional analyses. In addition, our analysis indicated that splice site sequence could affect the corresponding frequencies of isoforms resulting from altered 5′ SSs and 3′ SSs. These results provide a comprehensive view of AS in moso bamboo, and additional association studies will be aimed at better understanding the relationship of AS with growth and development.
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